Anti-tumor immunity is stimulated after PDT for cancer due to the acute inflammatory response, exposure and presentation of tumor-specific antigens, and induction of heat-shock proteins and other danger signals. Nevertheless effective, powerful tumor-specific immune response in both animal models and also in patients treated with PDT for cancer, is the exception rather than the rule. Research in our laboratory and also in others is geared towards identifying reasons for this sub-optimal immune response and discovering ways of maximizing it. Reasons why the immune response after PDT is less than optimal include the fact that tumor-antigens are considered to be self-like and poorly immunogenic, the tumor-mediated induction of CD4+CD25+foxP3+ regulatory T-cells (T-regs), that are able to inhibit both the priming and the effector phases of the cytotoxic CD8 T-cell anti-tumor response and the defects in dendritic cell maturation, activation and antigen-presentation that may also occur. Alternatively-activated macrophages (M2) have also been implicated. Strategies to overcome these immune escape mechanisms employed by different tumors include combination regimens using PDT and immunostimulating treatments such as products obtained from pathogenic microorganisms against which mammals have evolved recognition systems such as PAMPs and toll-like receptors (TLR). This paper will cover the use of CpG oligonucleotides (a TLR9 agonist found in bacterial DNA) to reverse dendritic cell dysfunction and methods to remove the immune suppressor effects of T-regs that are under active study.
PDT AND ANTI-TUMOR IMMUNITY
PDT consists of an administration of a non-toxic dye or photosensitizer (PS) followed after a suitable interval with illumination of the tumor with light (hν) with a wavelength to match the absorption spectrum of the PS. This PS molecule absorbs energy in to give the first excited singlet state and can then undergo a transition to a long-lived excited triplet state that allows energy transfer to the ground state of molecular oxygen (a triplet) to produce the highly cytotoxic singlet oxygen ( 1 O 2 * ) (Type II reaction), or alternatively undergo electron transfer to form radical anions that are scavenged by oxygen (Type I reaction) with the formation of superoxide radical anion (O 2
•-) (Fig 1.) . The mechanisms that operate to allow PDT to destroy tumors are multifactorial. There is a direct effect of PDT towards cancer cells producing cell death by necrosis and/or apoptosis [1] . There is also an effect against the tumor vasculature whereby illumination produces the shutdown of vessels that subsequently deprives the tumor of oxygen and nutrients [1] . The balance between these two mechanisms depends on many factors among which are the chemical structures of the PS (lipophilicity, amphiphilicity and protein binding) and the drug light time interval between injection and illumination. Finally, PDT also has a significant effect on the immune system [2] , which can be either immunostimulatory or in some cases immunosuppressive.
PDT is an anti-cancer modality that can efficiently destroy local tumors in the context of acute local inflammation. PDT can increase DC maturation and differentiation and leads to generation of tumor specific CD8 T cells that can destroy distant deposits of untreated tumor. Successful PDT of tumors growing in immunocompetent syngeneic mice can in some cases cause a long-term memory anti-tumor immunity as demonstrated by a resistance to a rechallenge with the tumor from which they were cured, but not a different syngeneic tumor [3] [4] [5] . This effect is not observed when the same tumors are grown in immunosuppressed nude or SCID mice [6] . Splenocytes adoptively transferred from immunocompetent mice cured of tumors by PDT can restore the curative effect of PDT in immunosuppressed animals, and demonstrate specific lysis of tumor cells growing in vitro in a classical CTL assay. Tumor cells killed with PDT in vitro are more effective as tumor vaccines than the same cells killed by other methods [7] . PDT has effects on cancer cells that make immune activation more likely in an in vivo tumor treated with PDT. PDT can induce strong expression of heat shock proteins (especially HSP70) [8] [9] [10] that has been shown to potentiate immune recognition of tumors. PDT can cause activation of the transcription factors nuclear factor kappa B (NFκB) [11] and activator protein (AP)-1 [12] leading to production of a large variety of inflammatory mediators including eicosanoids, interleukins (IL) 1, 6, 8 and 10. Neutrophils are an important cell type for the PDT response [13] and if mice are depleted of neutrophils before PDT, the curative effect is lost [14] . PDT has been shown to induce both a systemic neutrophilia and a strong and prolonged tumor infiltration by neutrophils. In addition tumor infiltration by dendritic cell (DC), macrophages and mast cells has been observed [15] . Complement activation is also observed both in the tumor and serum after PDT [16] . Nevertheless, it is clear that although PDT has the potential to stimulate a systemic anti-tumor immune response in animal models of cancer, this favorable result is not always observed. The explanation for this observation may be due to variations in the immunogenicity of different syngeneic mouse tumors, the presence of immune suppression caused by Tregs or the existence of DC dysfunction caused by the tumor. 
PDT AND CpG OLIGONUCLEOTIDES
The two well-established maturation states for DC include the "immature" and "mature" states [17] . Immature, conventional DC display a phenotype reflecting their specialized function as antigen-capturing cells. They are highly endocytic, able to acquire fluid-phase antigens by macropinocytosis, take up protein or antigen-antibody immune complexes by receptor-mediated endocytosis, and ingest entire cells by phagocytosis. They express relatively low levels of surface MHC-I and MHC-II gene products and costimulatory molecules such as CD80 and CD86. Although immature DC can capture antigens, they are unable to process and present them efficiently to T cells. By comparison, freshly isolated, steady-state plasmacytoid DC are more weakly endocytic than conventional DC and poor T cell stimulators. They express MHC-I but not MHC-II and have a weak costimulator expression. However, conventional and plasmacytoid, immature DC have been described as inducers of T cell tolerance [18] . Mature DC are immunogenic in that they express cell surface molecules important for T cell activation. The phenotypic changes commonly associated with DC maturation make DC potent activators of T cell immunity. The outcome of T cell stimulation as tolerance or immunity depends on whether mature DC have been activated. Previous reports have used the terms "maturation" and "activation" interchangeably. However, maturation and activation appear to be two distinct processes. Activation is a process, dependent on additional stimuli including "danger signals". It is proposed therefore that resting or steady-state, mature DC induce a state of tolerance, and activated, mature DC induce a state of immunity. It is also feasible that mature, resting DC, which are tolerogenic, can also be activated to form immunogenic DC. Under conditions of infection or inflammation, DC encounter activating signals that may mature and activate DC simultaneously, making them immunogenic. DC activators or danger signals include proinflammatory cytokines and bacterial or viral products such as LPS, CpG motifs, and double-stranded RNA [19] . These factors may induce the maturation and activation of DC, allowing DC to present antigens to T cells. Activated DC can be distinguished from resting, mature DC by expression of higher levels of MHC and costimulatory molecules or by production of cytokines such as interleukin (IL)-12 and interferon-, in the case of plasmacytoid DC. Bacterial DNA and immunostimulatory synthetic CpG-oligodeoxynucleotides (ODN) act as adjuvants for Th1 responses and cytotoxic T cell responses to proteinaceous antigens. CpG-ODN cause simultaneous maturation of immature DC and activation of mature DC to produce cytokines. These events are associated with the acquisition of professional antigen-presenting cell (APC) function [20] . In parallel both DC subsets are activated to produce large amounts of IL-12, IL-6 and TNF-a. CpG-ODN-activated DC display professional APC function in allogeneic mixed lymphocyte reaction.
PDT has been shown to induce tumor infiltration by dendritic cell (DC) and there have been efforts to potentiate this response in order to facilitate better antigen presentation. In this regard we have used a potent DC activating agent, an oligonucleotide (ODN) that contains a non-methylated CpG motif and acts as an agonist of toll like receptor (TLR) 9. TLR activation is a danger signal to notify the immune system of the presence of invading pathogens. CpG-ODN (but not scrambled non-CpG ODN) increased bone-marrow DC activation after exposure to PDT-killed tumor cells, and significantly increased tumor response to PDT and mouse survival after peri-tumoral administration. We conclude that CpG may be a valuable immunoadjuvant to PDT especially for tumors that produce DC dysfunction [21, 22] . The advantage of the vast diversity of TCR created by random genetic recombination is that they have the potential to recognize an essentially infinite number of antigens. Nonetheless, because the process is random it also produces immune cells bearing receptors that recognize self-antigens (i.e., autoreactive T cells). An important mechanism of defense against autoimmunity is the permanent deletion of autoreactive T cells in the fetal thymus [23] . However, self-reactive T cells escaping thymic deletion and seeding the peripheral lymphoid organs require another strategy to curb their autoimmune potential. Regulatory T cells can be defined as a T-cell population that functionally suppresses an immune response by influencing the activity of another cell type. Regulatory T cells were initially described by Gershon et al. in the early 1970s and were called suppressor T cells [24] . There has recently been an explosion of interest in Treg in both mice and humans and many studies of their involvement in both autoimmune disease [25] and cancer [26] . Treg were initially characterized by co-expression of CD4 and high levels of CD25 (the high affinity component of the IL-2R complex ((IL-2R α-chain) [27] . It was subsequently determined that most specific marker for Treg is the transcription factor Foxp3 [28] , as other Treg markers (CD25, CTLA-4 and GITR) can be found on other T-cell subsets especially on activated CD4 cells [29, 30] . The transcription factor Foxp3 is specifically expressed in Treg and is required for their development [31] . CD25+ regulatory T cells comprise 5-10% of CD4+ T cells in naive mice and have been shown in several in vivo murine models to prevent the induction of autoimmune disease and inflammatory disease. Since T cells, which mediate autoimmunity, can through recognition of self-antigens also target tumor cells, it was postulated that Treg would also inhibit the generation of immune responses to tumors [32] . Depletion of these cells using anti-CD25 monoclonal antibodies has been shown to promote rejection of several transplantable murine tumor cell lines [32] . Immunization of mice with tumor cells in the absence of CD4+CD25+ Treg induces immunity against a variety of different tumor cell lines [33] .
Treg are divided into two main classes: (a) naturally occurring Treg found in the thymus and (b) inducible Treg found in the periphery [32] . Naturally occurring Treg are thought to have TCRs that recognize self-antigens and to play a major role in the prevention of autoimmune disease. Inducible Treg can be induced and differentiate in the periphery, such as in the tumor microenvironment. Thymus-derived Treg cells in the tumor microenvironment might clonally expand following stimulation by tumor-associated DC that frequently have an immature phenotype. Treg can also be present in a tumor as a result of conversion from CD4 + CD25 -T cells [34] under the influence of TGFβ , which is present at high levels in the tumor microenvironment [35] . Therefore the tumor (or tumor draining lymph nodes) might contain thymus-derived natural Treg cells, expanded and converted natural Treg cells, and locally differentiated and expanded Tr1 cells.
It is thought that Treg mediate their immunosuppressive effects by multiple pathways [36] . Treg express CTLA-4 which binds to B7-1 and B7-2 costimulatory molecules on APCs but with affinities much higher than CD28, and produces negative signaling, rather than the positive signaling produced by the equivalent molecule, CD28 expressed on normal T-cells, [37] . T cell activation is a dynamic process that is determined by the strength of the TCR signal; the strength of co-stimulation provided by CD28; and the magnitude of inhibitory signals generated by CTLA-4. Treg also express glucocorticoid-induced tumor necrosis factor receptor (GITR), however this appears to reduce suppressor function on binding its ligand [38] . Treg can express TGF-β that is an immunosuppressive cytokine [39] and can induce further proliferation of Treg [40] . Recent evidence also suggests that Treg cells control T cell activation by suppression of DC activation [41] . In addition, imaging studies have suggested that Treg cells diminish the ability of DCs to form stable contacts with self-reactive T cells and thereby diminish their activation [42] . It is at present uncertain whether the Treg that inhibit anti-tumor immunity are specific for TAAs. In one report human melanoma-infiltrating Treg were cloned, and one target antigen was found to be LAGE-1, (a cancer-testis antigen) and these cloned Treg suppressed LAGE-1-specific T-cell activation [43] .
Another important question is whether Treg inhibit anti-tumor immunity primarily in the priming phase of the immune response or in the effector phase or both. Administration of anti-CD25, from either 4 days before to 1 day after (but not 2 days after) tumor inoculation, was efficient in promoting tumor regression [44] suggesting that Treg mediate their suppressive effect by inhibiting T-cell priming in lymphoid organs. By contrast, other evidence indicates that Treg reduce the effector function of TAA-specific T cells. Transfer of Treg cells reduced the therapeutic efficiency of adoptively transferred TAA-specific CD8+ effector T cells in a mouse model of B16 melanoma in C57BL/6 mice [45] . Furthermore, depletion of intratumoral Treg induced regression of large established Ag104 tumors in C3H mice [46] .
PDT AND REGULATORY T-CELLS
As long ago as the 1970s it was realized [47, 48] that treatment of mice with low dose cyclophosphamide (CY) had an additional and different effect on tumor growth that involved the host immune system rather than a direct cytotoxic effect on the tumor cells. Low dose CY in combination with adoptive transfer of splenocytes from normal mice that had been previously vaccinated against the MethA tumor, caused complete and permanent regressions of established tumors [49] . This effect was abrogated by additional adoptive transfer of splenocytes from tumor bearing mice and the conclusion was that a particular population of suppressor T-cells were sensitive to low dose CY. More recent studies have shown that low dose CY administration depletes Tregs [50] and also increases the fraction of both CD4 and CD8 T-cells with a memory phenotype and induces type I interferon production [51] . It has been proposed that the reason for the selective action of low dose CY is its preferential induction of apoptosis in Treg and reduction in their suppressor function [52] or to the ability of CY to inhibit or reduce the activity of inducible nitric oxide synthase (iNOS) [51] . There have been some published studies that have compared the anti-tumor effects of low dose CY with high dose CY in mouse models. Motoyoshi et al [53] found an equal effect of 20 mg/kg and 200 mg/kg CY on slowing the growth of a murine hepatoma MH129 in immunocompetent mice but only the high dose CY had any anti-tumor effect in nude mice that lack T-cells. Low dose CY depleted T-regs, while high dose CY depleted all classes of T-cells. Brode and others reported [54] that CY can induce autoimmune diabetes in NOD mice and that this can be prevented by adoptive transfer of islet antigen-specific CD4+CD25+FoxP3 T-regs to CYtreated recipients. Taieb and coworkers reported [55] that CY administration to tumor bearing mice reduced T-regs and also enhanced secondary CTL response induced by a tumor-vaccine. Our recent report showed that low-dose CY (but not high dose CY) increases PDT-induced anti-tumor immunity in BALB/c mice with J774 tumors and increased survival in BALB/c mice with J774 tumors treated with low-dose CY and PDT agrees with this hypothesis [56] .
CONCLUSION
Knowledge is steadily growing concerning the interaction between the immune system and cancerous tumors in the host. Although major advances have been made in understanding the mechanisms whereby tumors evade the attack of the host immune system, these advances have not yet been translated into highly effective immunotherapy regimens that improve patient survival and outcome. We believe that the unique properties of PDT may offer the hope of combination approaches such as PDT plus CpG or PDT plus low dose CY that can not only destroy the primary tumor but educate the host immune system to recognize, track down, and ultimately destroy tumor cells that have metastasized to distant regions of the body.
